This study investigated the stress wave dissipation in sinusoidal patterned suture interfaces that were inspired by sutures in biological materials. Finite element results showed that a sutured interface decreased the pressure 37% more than that at an unsutured interface, which arose from wave scattering and greater energy dissipation at sinusoidal boundaries. Stress wave scattering resulted in converting compressive waves (S11) into orthogonal flexural (S22) and shear waves (S12), which decreased both the peak pressure (attenuation) and wave speed (dispersion). Higher strain energy occurring at sutured interfaces brought energy loss within viscoelastic gap, too. In addition, we parameterized several variables related to the suture interfaces for their influence in stress wave mitigation. The following seven parameters were examined: (1) waviness of suture (ratio of suture height to suture period), (2) ratio of the suture height over the entire bar thickness, (3) gap thickness, (4) elastic modulus, (5) type of the boundary, (6) impact amplitude, and (7) impact duration. The final result of the parametric study revealed that the high ratio of the suture over the entire bar thickness had the greatest influence, followed by the short impact duration, and then by the low elastic modulus. Additionally, a high ratio of the suture over the entire bar thickness and low elastic modulus decreased the stress wave velocity as well. These findings can be applied for designing various synthetic damping systems so that manmade engineering designs can implement the optimized sutures for impact scenarios.
Introduction
Biological materials are remarkably designed for efficient mechanical behavior. One elegant example is a suture joint, which is a simple geometry yet multifunctional. In biological structures, suture joints are commonly found where two stiff components interlock each other. For example, within the microstructure of the woodpecker beak, a wavy sinusoidalgeometry was observed under the transmission electron microscope ( figure 1(a) ). Compared to other birds, whose beaks' impact resistance is less than that of woodpeckers, the waviness of suture shown in woodpeckers' beaks is greater (Lee et al 2014) . Figure 1 (b) shows bison's cranial suture, which has been extensively researched. Researchers reported that cranial sutures provide flexibility for growth, movement and strain due to masticatory and impact energy dissipation (Hubbard et al 1971 , Behrents et al 1978 , Jaslow 1990 , Herring and Teng 2000 , Opperman 2000 , Sun et al 2004 , Yu et al 2004 , Byron 2006 , Seimetz et al 2012 , Curtis et al 2013 . As shown in figure 1(c) , the ammonoid fossil also shows a wavy structure with a hierarchical fractal pattern on its shell. The suture of the ammonoid fossil has been studied to investigate its mechanical role and relation between hierarchical structures of sutures and function (Allen 2006 , 2007 , Ubukata et al 2010 . De Blasio (2008) reported that complex suture lines dramatically diminished the strain and the stress in the phragmocone such that suture fluted septum reinforced the shell against hydrostatic pressure. The turtle shell also has suture joints in their carapace as shown in figure 1(d). Krauss et al (2009) conducted three-point bending tests on the suture-contained turtle bony shell and reported that the turtle shell withstands small loads by low-stiffness deformation and becomes much stiffer when the external load increases beyond a certain threshold. The suture of the leatherback turtle was also studied and revealed that the suture caused the balance between tension and shear, and brought structural flexibility by causing angular displacement (Chen et al 2015) .
Mechanically, the wavy suture can greatly enhance the strength of materials. Jaslow (1990) experimentally studied mechanical properties of sutures and reported that the suture increased bending strength. Similar results on the tensile strength and bending strength have been reported as the suture plays a key role as an additive to increase strength (Li et al 2011 (Li et al , 2012b (Li et al , 2013 (Li et al , 2014a (Li et al , 2014b . In addition, a study of an interfacial crack with hierarchical sinusoidal sutures found that sutures enhance interfacial fracture toughness under Mode-I and Mode-II loadings (Li et al 2012a) .
Although sutures are often found in the spot that dynamic responses occur, mechanisms of aforementioned properties of sutures during impact loading have not been extensively studied. Jaslow (1990) Following an initial impact pressure applied in Region 1, the pressure data were recorded at the eleven regions indicated by the red regions in the bar. Then, the peak pressures were connected by the red dotted line in the graph. As the pressure wave propagated in the bar, the peak pressure decreased. studied energy absorption using a pendulum on the cranial sutures of head-butting goats. Using finite element (FE) analysis, the role of cranial sutures was investigated by Maloul et al (2014) , who quantified how sutures redistributed the stress. Zhang and Yang (2015) pointed out that hierarchically designed cranial sutures benefited the stress attenuation and energy absorption.
The main objective of the present study is to investigate the geometrical effects of sinusoidal sutures on the stress wave mitigation by using FE models. The following sections detail the simulation setup, results, discussion, and conclusions.
Simulation set up
An idealized bar with a sutured interface (i.e., sutured bar) and an idealized bar with a flat interface (i.e., unsutured bar) were created and analyzed from twodimensional FE analysis in Abaqus/Explicit under dynamic conditions. As shown in figures 2(a) and (b), the dimension of the bar was 32 mm×1000 mm, in which one side of the bar was 15 mm×1000 mm with a gap thickness of 2 mm. The wall was treated as an elastic and isotropic material with Young's modulus E=8 GPa, Poisson's ratio ν=0.3, and density ρ=2000 kg m −3 , and those material properties The impact load was a Gaussian impulse and applied on the left side of the bar as shown in figures 2(a) and (b) with the end nodes, on the same side, fully constrained to the y-direction. The sutured and unsutured gaps were treated as a viscoelastic material in which the hyperelastic Ogden model was employed with the elastic parameters, μ and a, being 15.6 KPa and 21.4 (Cheng and Gan 2007) , respectively. The viscoelastic properties were assigned by a Prony series with the viscoelastic parameters, d and t, being 0.549 and 6.01 s, respectively, which were determined from a rat muscle study (Bosboom et al 2001) . For meshing, a plane stress 4-noded element (CPS4R) was used, and the approximate element size was 0.5 mm generating about 100 000 number of elements in the 2D bars. Then, a parametric study was performed to understand the dependence of suture geometric variables and the external impact load. The seven variables were;
(1) suture waviness, (2) R suture (ratio of the suture height to the entire bar thickness), (3) suture gap thickness, (4) elastic modulus of the wall, (5) geometry of the bar boundary walls, (6) amplitude of external impact load, and (7) impact duration. The detail of the experimental case is described in figure 3 . While examining one variable, the other variables were fixed. In order to measure the extent of dissipation in the sutured bar, pressure-time history data were recorded at eleven regions along the bar at every 100 mm, indicated by red regions in figure 2(c). The damping capability of the sutured bar was then evaluated through the damping quotient, which is the ratio of the pressure decay from the 'Region-1' compared to 'Region-11' as the following: 
Damping

Results and discussion
FE simulations were carried out by applying external mechanical loads to produce a stress wave that propagated in a continuum media. We examined the damping capability of suture interfaces by comparing to an unsutured interface bar. Then, the variables of the suture interfaces such as the geometric variations and boundary conditions were assessed by their influence on the stress wave mitigation (pressure reduction of the traveling wave within the bar).
3.1. Dissipation of stress waves in the suture interface A sutured interface was able to reduce the stress wave effectively compared to an unsutured interface. Figure 4 shows the peak pressure decay in the sutured compared to an unsutured bar. The initial load was 1 MPa, and the peak pressure when the stress wave reached the end of the bar was 0.47 MPa for the unsutured bar and 0.1 MPa at the sutured bar. While 53% of the initial pressure dissipated during the pressure wave traveled the unsutured bar, 90% of the initial pressure dissipated at the sutured bar. The sutured bar pressure was 37% less than that of the unsutured bar over the bar length used in this study. There were two mechanisms associated with the sutured bar for stress wave mitigation as compared to the unsutured bar. First, stress wave scattering occurred at the boundary of the sutured bar, in which compressive waves (S11) were converted into shear waves (S12) and into orthogonal flexural waves (S22). From a wave perspective, there are two basic types of wave motion for mechanical waves: longitudinal waves and shear waves (also called transverse waves). Displacements in longitudinal waves occur in a parallel direction to the wave propagation, and in transverse waves, displacements occur in a perpendicular direction (Graff 1975) . The waves related to S11 and S22 are longitudinal waves, and the waves related to S12 are shear waves.
Wave scattering is an interaction of waves with a boundary or obstacles in a medium resulting in wave reflection, transmission, or refraction (Brekhovskikh and Goncharov 2012) . Since the compressive incidence impinged the sinusoidal interfaces, wave scattering can be considered a reflection at a curved surface as described in figure 5 . The reflected waves consist of longitudinal and shear waves with angles of θ L and θs, respectively. According to DasGupta and Hagedorn (2007) , wave scattering at boundaries can be defined as the following numerical expression. The total wave field can be represented as the following:
where u is the displacement, t is the time, A is the amplitude, κ is the wave number, and θ is the angle between the waves. L0, L, and S are the incident waves, reflected longitudinal waves, and reflected shear waves, respectively. The directions of the waves are
Also, the speeds of longitudinal wave and shear wave are
where E is Young's modulus, g is the Poisson ratio, and r is the density. For given material properties in this study, C 2000 m s
With an assumption that a reflecting surface is a free surface, then the boundary conditions are as follows:
The boundary conditions produce the following relationships:
For the given conditions of this study, the angles of the reflected longitudinal waves are the same as the Figure 6 . Stress waves shown as a function of time in the eleven regions along the sutured bar illustrating the stress components of (a) S11, (b) S22, (c) S12, and along the unsutured bar also illustrating (d) S11, (e) S22, and (f) S12. The stress waves were plotted until the wave reached the end of the bar. For the sutured bar, the stress wave reached the end at 0.78 ms, and for the unsutured bar, the stress wave reach the end at 0. 55 ms. angles of incident longitudinal waves. On the other hand, the angles of reflected shear waves are 0.53 times the angles of the incident longitudinal waves.
As a result of wave scattering at the suture interfaces, the magnitude of S11 decreased, and S12 and S22 increased (figure 6). The maximum S22 generated in the sutured bar was 1.58 MPa approximately three times greater than that of the unsutured bar with S22 equaling 0.54 MPa; the maximum S12 generated in the sutured bar was 1.59 MPa approximately five times greater than that of the unsutured bar with S12 equaling 0.29 MPa. Not only does one observe a pressure decay but also wave dispersion from wave scattering. The wave speed determined from equation (5) Alternatively, in the sutured bar with boundaries, the wave speed decreased to 1282.05 m s −1 and arrived at the free end at 0.78 ms. Accordingly, the sutured bar induced y-direction longitudinal (LE22) and shear strains (LE12). Figure 7 shows that the sutured bar induced strains in the y-direction and shear direction but decreased strains in the x-direction. Figure 8 shows the maximum strain energy density in the sutured and unsutured bar at Region-2 (nearfront region) where the sinusoidal suture began so that the wave scattering started early. The peak strain energy was 0.09 J in the sutured bar and 0.03 J in the unsutured bar. Hence, the sutured bar incurred approximately three times greater strain energy than that of unsutured bar. Specifically, in the sutured bar, Figure 7 . Strain in the eleven regions along the sutured bar for the strain components of (a) LE11, (b) LE22, (c) LE12 and along the unsutured bar for the stress components of (d) LE11, (e) LE22, and (f) LE12. Figure 8 . Maximum strain energy density associated with different displacements in the x, y, and z directions for the sutured and unsutured bar in Region 2 (indicated in figure 2(c) ) near the initial impact location. The total strain energy is greater for the sutured bar than that of the unsutured bar because the strain energy to yy and xy direction is much greater at the sutured bar. the strain energy was stored in all directions of xx (17.73%), yy (45.59), and xy (36.68%) due to reflected stress waves, while in the unsutured bar most of the strain energy stored was only in the xx direction (86.43%).
Another mechanism that reduced the amplitude of the traveling pressure wave was related to the strain energy being stored in the viscoelastic suture gap. It is common to interleave viscoelastic layers between hard and stiff material to increase the damping of the structure (Saravanos and Pereira 1992, Cupiał and Nizioł 1995, Berthelot et al 2008) , and biological materials appear to employ the same strategy. Figure 9 compares the strain energy of the gap between the sutured and unsutured bars. The viscoelastic gap material of the sutured bar allowed for energy dissipation since the strain energy in viscoelastic material is proportional to the damping (Plunkett 1992).
Design variables affecting to stress wave mitigation
A sinusoidal patterned interface caused a local complex stress redistribution, which led to wave attenuation and wave dispersion. In order to examine the influence variables regarding a sinusoidal pattern and boundary conditions, the seven variables shown in figure 3 were investigated using FE analysis. For each case, a pressure decay as stress waves propagated along the bar was observed. Also, compressive waves (S11), flexural waves (S22), and shear waves (S12) were plotted to evaluate the transformation of longitudinal stress into the shear stress and flexural stress. Longitudinal waves were recorded when pressure wave reached the end, and both of maximum flexural waves and maximum shear waves were recorded while pressure traveled the structure. Generally, as the longitudinal wave decreased, the flexural waves and shear waves increased. As one variable changed, the other six variables were fixed with the default value indicated in figure 3.
The effect of the suture waviness
Waviness is defined as the wave height divided by the wave period. Waviness was varied in six cases of 0.25, 0.5, 0.75, 1, 1.25, and 1.5, in which the waviness height was fixed and the waviness width was changed. As the pressure wave traversed the sutured bar from the loading region to the free end, the magnitude of the pressure decreased when a suture was introduced (figure 4). However, with a suture, there was minimal relationship between waviness and damping as shown in figure 10(a) . Figure 10(b) showed that generated shear stresses incurred the largest value at a waviness ratio of 0.5 and the generated flexural wave incurred the largest value at a waviness ratio of 1. Hence, the greatest conversion from a longitudinal stress to a shear stress and flexural stress were waviness ratios of 0.5 and 1. We note here that the waviness ratio shown in figure 1 is 1±0 .32 for the woodpecker beak; 2.44±0.67 for the bison skull; 0.99±0.15 for the ammonoid shell; and 0.97±0.23 for the turtle shell.
3.2.2. The effect of the R suture R suture is defined as the suture height divided by the bar thickness. The R suture was changed as 0, 0.10, 0.33, 0.67, and 0.83. The height of the suture was changed as 0, 1.5, 5, 10 and 12.5 mm while the bar thickness was fixed at 15 mm. As the R suture increased, the pressure when the stress wave reached the end of the bar decreased as shown in figure 10(c). Figure 10(d) showed that a greater R suture increased the flexural stress and shear stress, but the compressional stress decreased. With respect to different animals and the human skull, the 'bar thickness' would be far greater. However, we are only concerned with the suture height but needed to normalize it with respect to some absolute dimension to distinguish this feature from the waviness ratio.
The effect of the thickness of the gap
The gap thickness varies at different length scales for the different animals. As such, we varied the sutured bar's gap thickness: 1, 2, 4, and 6 mm. The thickness of the gap did not affect the amount of stress dissipation (figure 10(e)) and did not show a big difference when comparing the shear stresses and flexural stresses (figure 10(f)) although the 2 mm, 4 mm, 6 mm of the gap thickness induced slightly more dissipation than the 1 mm gap.
The effect of the material properties
For the sutures in animals, the material comprises mainly collagen, a structural protein that behaves like a viscoelastic material. However, the material on either side of the viscoelastic collagen varied from bone to keratin to other biological materials. Material properties of the waveguide (the bar material in our study) determines the sound speed as the equations (5) and (6). In this study, five different elastic moduli were simulated; 2, 8, 18, 32, and 50 GPa resulting in wave speeds of 1000, 2000, 3000, 4000, and 5000 m s −1 accordingly. The dissipation occurred greater as the wave speed decreased (figure 10(g)), and also the time arriving at the end of the bar decreased. Figure 10(h) shows that the generation of a shear wave was not affected by the wave speed while the generated flexural wave decreased as the wave speed increased. As the wave speed increased, the longitudinal compression stress proportionally increased when the stress wave reached the end of the bar.
Type of wall boundary
The effect of the boundary was illustrated by the inphase, out-of-phase, only center, and only outside boundaries conditions (figures 10(i) and (j)). Stress wave dissipation was also examined with infinite boundaries of the side walls to remove the boundary effect (figures 10(k) and (l)). Figure 10 (i) showed that there was no difference in the damping and wave speed between the in-phase and out-of-phase boundaries. However, when changing the suture boundary to a straight boundary increased the wave speed independent of the centerline suture geometry or outside boundary edge. Also, the results showed that an interaction exists between the suture and the gap for damping. Suture interfaces brought greater strain energy to the gap compared to flat interfaces as discussed in figure 8 . Hence, the damping of the bar with an only-outside-suture in which the suture-gap interaction was absent was smaller than the other Figure 10 . Pressure wave decay as pressure waves traveled from the load applied region to the free end at the idealized bar with a suture interface, and compressional stress when the stress wave reaches to the free end, maximum shear stress and maximum flexural stress while pressure wave traveling at seven variables of (a), (b) waviness, (c), (d) R suture which is the ratio of the suture height to the bar thickness, (e), (f) thickness of the gap, (g), (h) material properties, (i)-(l) type of the wall boundary, (m), (n) amplitude of the loading, and (o), (p) impact duration. Each point in (k) is 10 mm apart while other points are 100 mm apart in the pressure decay graphs. configurations. Figure 10(j) showed the stress transformation at the four types of boundaries. Although the damping and wave speed were similar in in-phase and out-of-phase suture boundaries, the maximum shear stress and the maximum flexural stress were greater at the in-phase boundary than those of out-ofphase boundary.
Figure 10(k) shows the pressure decay for the bars with infinite boundaries on the side walls. Pressure was recorded every 10 mm not 100 mm, because the pressure dissipated quickly compared to the bars with finite boundaries. Figure 10 (k) demonstrated that the suture slows down the stress wave and dissipates the wave quicker than the unsutured bar. For the sutured bar, the pressure increased from the edge up to 10 mm away from the loaded edge due to the reflected S11 waves and generated S22 waves. The pressure then decreased rapidly and dissipated fully after traveling 140 mm away from the loaded edge at 0.20 ms ( figure 11(a) ). On the other hand, for the unsutured bar, the stress wave completely dissipated after traveling 460 mm away from the loaded edge at 0.23 ms ( figure 11(b) ). The calculated wave speed was 700 m s were greater in the sutured bar than those in the unsutured bar. The maximum shear stress in the sutured bar (3.02 MPa) was approximately 11.2 times greater than that in the unsutured bar (0.27 MPa), and the maximum flexural stress in the sutured bar (1.84 MPa) was approximately 3.2 times greater than that in the unsutured bar (0.57 MPa).
3.2.6. The effect of the amplitude of the impulsive loading The amplitude of the impact loading was changed as 0.25, 0.5, 1, 2, and 4 to investigate the damping effects caused by an input condition of amplitudes. As the amplitude of impact increased, the pressure also increased. However, the damping amounts remained the same regardless of the amplitude of the loading as shown in figure 10(m). Figure 10 (n) showed that as the amplitude of the loading increased, the stresses S11, S12, and S22 also increased.
The effect of the impact duration
The impact duration of the loaded pressure wave was changed to 0.01, 0.02, 0.04, 0.08, and 0.16 ms in order to investigate the damping effects resulting by an input condition of different periods (and/or frequencies). Results showed that as the impact duration increased, less dissipation occurred regarding the pressure wave ( figure 10(o) ), and the compressional stress converted less to the flexural stress ( figure 10(p) ). Hence, we can conclude that as the impact becomes faster and faster, the effect of the suture gets greater and greater in terms of dissipating the stress wave!
Damping quotient and phase velocity
The damping quotient and normalized phase velocity were evaluated to quantify the variables' effects on stress wave mitigation. Figure 12 shows the correlation of each variable with respect to the attenuation and dispersion of the pressure waves. Figures 12(a) and (b) show the relationships between waviness and the damping quotient/phase velocity. Because of the minimal relationship between the suture waviness and damping quotient as evinced by a slope value of 0.04 (R 2 :45), and between the waviness and phase velocity with a slope value of 0.07 (R 2 :91), the suture waviness essentially did not affect the damping. R suture versus damping quotient was illustrated in figure 12 (c) to show that the damping quotient was proportional to the R suture . The damping quotient increased from 0.57 to 0.94 as the R suture increased from 0 to 0.83. Hence, for every unit increment increase of R suture gives a 45% increase of damping. Also, the normalized phase velocity proportionally decreased as R suture increased ( figure 12(d) ). Jaslow (1990) reported that the amount of energy absorbed may depend on the morphology of the suture, and our findings indicated that the amount of energy mitigated was directly related to R suture rather than the waviness. Figures 12(e) and (f) show that the gap thickness did not substantially affect the wave dissipation and dispersion. Figures 12(g ) and (h) show that the sound speed determined by material properties gave changes in damping and phase velocity proportionally but less than the R suture effect. Regarding the type of boundary with finite boundaries, there was no difference in the damping quotient and phase velocity between the in-phase and out-of-phase sutures while the absence of suture lines led to less attenuation and dispersion as shown in figures 12(i) and (j). For the bars with infinite boundaries, the damping quotients were unity in both the sutured and unsutured bars, because all the pressure waves were dissipated before reaching the end ( figure 12(k) ). However, sutures played an important role in dispersing the pressure waves in the bar with infinite boundaries ( figure 12(l) ) as the wave speed velocity was reduced 65%. Figures 12(m) and (n) show that the impact amplitude did not correlate to the damping quotient and phase velocity. Figures 12(o) and (p) indicate that the impact duration affected the wave attenuation but not the wave dispersion. As a result, the three variables including R suture , speed of sound, and impact duration affected the damping quotient, and two variables including R suture , speed of sound affected the normalized phase velocity. 
Conclusions
One unique characteristic of biological materials is the effective use of elasticity and viscoelasticity for mitigating and dissipating energy. Although shock absorbers such as car bumpers or guard rails are designed to absorb impact energy through plastic deformation, biological materials cannot use this strategy for absorbing energy, because severe plastic deformation could cause fatal damage. To keep structural integrity, biological materials use elastic and viscoelastic responses effectively to dampen stress waves and absorb energy. Sutures are found in nature in which energy absorption and stress wave damping are important, and they function in two roles: (i) suture interfaces transform longitudinal waves into shear waves and flexural waves so that elastic deformation arises in not only the longitudinal direction but the transverse and shear directions as well; and (ii) the interaction between viscoelastic material in the gap and suture geometry lead to stress wave damping.
In addition, we investigated variations of suture interfaces and boundary conditions to evaluate their correlation to damping. As a result, there were three variables that increased wave attenuation: (i) high ratio of the suture height to the bar thickness, (ii) a short external impact duration, and (iii) low sound speed dictated by the elastic modulus. The two variables causing wave dispersion were a high ratio of the suture height over the bar thickness and a low sound speed. If the material properties and impact duration cannot be controlled in the engineering design of a structural component or system, making the suture height greater becomes the only controllable design variable that matters.
